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INTRODUCTION 
The increasing importance of NDE areas such as quality of material processing, [1,2], 
fatigue [3,4], and bond strength has expanded the significance of the measurement of the 
nonlinearity parameter, B. However, to become a useful NDE technique, B measurements 
must be easily performed in the field. The purpose of this work is to address two techniques 
that are applicable to field measurements. 
As an acoustic finite amplitude wave of a given frequency travels through a material, it 
generates a new wave of twice that frequency with an amplitude related to B. The determination 
of B depends upon measurement of the amplitudes of both the fundamental and the 
harmonically generated wave. All electronic-based measurements of B from harmonic 
generation data require the determination of acoustic amplitudes by electronic conversions 
through various calibration techniques. The amplitude measurements are critical to the accuracy 
of B. 
In the past, our data has been absolutely measured by using a direct substitutional 
technique [5]. This technique works even when the measurement system itself is nonlinear. 
Each data point is calibrated by means of direct application of a substitutional signal. This 
signal is applied through an equivalent circuit, and is adjusted to give the same measurement 
system response as the output from a capacitive transducer used when detecting the acoustic 
signal passing through the sample. However, noise from both the measurement and the 
calibration source affects results. 
We report here on two new measurement techniques. The first technique is a variation 
of the substitutional technique. In this application the actual amplitude value is interpolated 
from a series of substitutional signal amplitudes. This approach is now possible because of the 
improvements in amplifier linearity. This method results in substantially reduced effects from 
calibration source noise and inaccuracies. The second measurement technique depends solely 
on amplifier linearity and a reference sample. There is no electrical signal calibration required. 
In both methods we use a capacitive detector (CD) [5] for convenience, although contact 
transducers [6] may be used as well. Comparison of the two techniques is made. While both 
techniques have implications for field measurements, the second technique appears to be the 
more adaptable. 
DETERMINATION OF B FROM HARMONICALLY GENERA TED AMPLITUDES 
Consider an acoustic wave of particle displacement amplitude, AI' inserted at the top 
surface and passing through an isotropic material. As the wave propagates, the wave distortion 
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is predicted by the nonlinear wave equation that is written as [1] 
(1) 
where u is the particle displacement, t is time, c is the infinitesimal wave speed, a is the 
(Lagrangian) material coordinate, and B is the nonlinearity parameter. By using the iteration 
technique we write a solution 
(2) 
where k (=21t1A.) is the propagation constant, ro is the angular frequency, and AI is the 
fundamental amplitude. At the sample end we measure AI' second harmonic amplitude, A2 ' 
and equate ~ to the coefficient of cos2( rot-ka) term on the right side of Eq. (2). This permits 
the experimental determination of B. We thus write 
(3a) 
where a is now taken as the path length. For convenience we write B as 
(3b) 
The amplitudes A2 and AI are measured by using a CD that assures "free end" 
conditions and provides a convenient platform from which to test the techniques reported here. 
The AC voltage, v, generated by a capacitive detector in which one plate is the sample end, is 
given by [5] 
(4) 
where A is the particle displacement amplitude, Vb is the DC bias voltage applied to the detector 
(through a large series resistance), and So is the plate separation. The output voltage of the CD 
is measured with the aid of a substitutional circuit [5] based on a Thevenin equivalent circuit. 
The range of amplitudes for this study is approximately 10-9 and 10-11 meters for fundamental 
and harmonic particle displacement amplitudes, respectively. 
EQUIPMENT AND STABILITY 
The band-pass amplifiers used in this measurement system (Miteq model VGC-8SP-5/2 
for 5 MHz; model VGC-8-1012 for 10 MHz) have been equipped with band-pass filters to 
improve frequency rejection characteristics. The amplifiers are placed into a temperature-
controlled chamber with the temperature control being better than ±O.50 c. The line voltage to 
the amplifiers' ±15 volt regulated power supplies is controlled to ±1 % of 120 volts. Thus the 
total regulation on the DC power supplied to the band-pass amplifiers is better than 0.02%. 
With control of these variables, the amplifier gain stability is measured to be better than 
±O.13% at 5 MHz and ±O.25% at 10 Mhz. 
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Fig. 1. Equipment arrangement for 
measuring amplifier linearity. 
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Fig_ 2. A plot of output amplitudes vs. 
input amplitudes at 5 MHz. 
The amplifier linearity is examined with an arrangement shown in Fig. 1. The output of 
the signal generator (Hewlett-Packard 3336) is fed into the input of the amplifier-oscilloscope 
system through a substitutional network as shown. CD is the detector capacitance,and C is the 
stray capacitance. Data collection and instrument control is performed by computer via ~ 
IEEE-488 bus. The linearity of the measurement system consisting of amplifiers and 
oscilloscope is demonstrated in Fig. 2, which is a plot of output voltage amplitude vs. input 
voltage amplitude at 5 MHz applied through the substitutional network. A similar plot is 
generated for the 10 MHz amplifier. The ratio of standard deviation/slope is better than 
(9x 10-4) for 5 MHz and (2x 10-3) for 10 MHz. These numbers also include the amplitude 
uncertainties (imprecision) of the signal generator used for the calibration. 
SAMPLE PREPARATION AND MEASUREMENT SYSTEM 
A sample of the material under study is cut into cylinders of approximately 2.5 cm in 
length and approximately 2.5 cm in diameter. The ends are lapped optically flat (±O.35p.m) and 
parallel to better than 12 arc seconds. A 5 MHz 36° rotated y-cut Lithium Niobate transducer, 
1.27 cm diameter, is secured to the clean sample surface by using a salol bond [7] . The sample 
is placed on the capacitive detector and the gap spacing is determined by a measurement of CD 
(Hewlett-Packard 4278A capacitance meter) to an uncertainty of less than 0.07%. The 
measurement system, shown in Fig. 3, is under computer control. The tone burst generator 
(Hewlett-Packard 3314A) is activated to produce two series of sequential amplitude tonebursts. 
The first series consists of ascending values. This is followed by interleaved descending 
values. These tone bursts are fed into a network composed of a power amplifier (ENI A-300), 
a high power 5 MHz band-pass filter, and an impedance matching network (MFJ Versatuner 
989C). The network output is fed to the Lithium Niobate 5 MHz compressional transducer. 
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Fig. 3. The measurement system used in the absolute determination of the nonlinearity 
parameter, B. 
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An acoustic compressional wave traverses the sample and impinges upon the sample 
end resting on the CD, where the acoustic wave is converted into an AC electrical signal whose 
amplitude is given by Eq. (4). After the AC signal is separated from the capacitive detector's 
DC bias voltage by the Bias/Coupler, it passes through the band-pass amplifiers to the 
oscilloscope. The amplitudes are measured by switching the appropriate band-pass amplifier 
into the circuit. The outputs of the band-pass amplifiers are digitized and measured with a 10-
bit, lOOMsamples/sec digital oscilloscope (LeCroy 9430) where the signal is averaged (1000 
repetitions) to reduce noise. The center of the tone burst is selected and a fast Fourier transform 
("Fiat-Top" window) is performed to provide additional spectral purity. 
The output of the band-pass amplifiers-oscilloscope system is compared with a series 
of known amplitude calibration signals (Hewlett Packard 3336) of the same frequency inserted 
through an electrically equivalent network [5], shown functionally in Fig. 3 as "Substitutional 
Signal Source". The same section of the calibration waveform displayed by the scope is 
selected for comparison with the CD output. To measure the input amplitude we connect the 
analog output from the amplitude jack of the vector voltmeter (Hewlett Packard 8405A) to a 
digital DC voltmeter (Hewlett Packard 3478A). This system is calibrated with the signal 
generator (inaccuracy less than ±O.I3 dB for 5 MHz and ±O.I7 dB for 10 MHz) to cover the 
range of outputs from the CD. The RF amplitude of each measurement is determined from an 
interpolation algorithm that accounts for the effects of CD and Cs' 
MEASUREMENTS AND RESULTS 
Fig. 4 is a plot of the harmonic amplitude, A2, as a function of the fundamental 
amplitude, AI' for measurements on a sample of Inconel 100. The plot marked "uncorrected" is 
based on the data obtained from the measurements using absolute calibration techniques. By 
using a polynomial fit to the data, we note that the correlation coefficient is nearly 1. This 
indicates that the measurement system is stable. The fit contains a constant term and a non-zero 
coefficient of AI (A2=y; AI=x in equation inserts in Fig. 4). We therefore apply the following 
analysis to these results. 
Linearity and Offset Adjustment Technique (LOAT) 
We assume that A2 approaches 0 as AI approaches 0, and that the measurement system 
is truly linear. These assumptions permit the determination of offsets in both AI and A2 [8]. If 
we write the measured data in the form 
(5) 
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Fig. 4. A comparison of A2 vs. A I. Curve I (upper) is corrected for offset. Curve (2) (lower) 
is from substitutional based measurements (uncorrected). 
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Fig. 5. B vs. fundamental amplitude. Circles are from substitutional based measurements. 
Squares denote B calculated from amplitude measurements that have been corrected for offsets. 
where Mo, MI, and M2 are each constants determined by a quadratic fit, then r and offset 
corrections respectively are found to be [8] 
MI A ----I-offset - 2M2 (6) 
The corrected values of AI and A2 are obtained by subtracting the respective offset values from 
each measured value of AI and A2. 
For a comparison of the effects of this adjustment, we examine the results of 
measurements on a sample of Inconel-l 00. Fig.( 4) also contains a plot of the measured data 
corrected for offset. We note that a small difference appears between the two plots contained in 
Fig. 4. However, the effect of the difference is much more noticeable in the plots of B vs. AI' 
Fig. 5 show B calculated from the substitutional data that is based on absolute calibration. We 
note negative-trending values of B as AI approaches O. We also notice a gradual rise in the 
values of B as AI increases. On the other hand the squares show B calculated after the offset 
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Fig. 6. Diagram of equipment arrangement used to measure the nonlinearity parameter, 13, with 
the Reference-Based Measurement Technique. 
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corrections to the amplitudes are made. We note that the offset corrections remove the negative-
going tendency of B at low amplitudes. The effects of the LOA T on the measurement of B 
include (1) more consistent results at low amplitude measurements and (2), on average, 
improved values for fundamental and harmonic amplitudes. We point out the immunity of r to 
the offsets, as M2 remains unchanged by the offset adjustments. This means that B calculated 
from Eqs. (3b) and (6) is unaffected by the correction for offset. 
Reference-Based Measurement Technique CRBMT) 
We now introduce a second new technique to measure B which also has potential for 
field use development. This technique has a unique feature. It does not require any electrical 
calibration of the system before measurement. Instead, one measures the electrical outputs of a 
capacitive transducer for the samples, R (of known B) and U (of unknown B). By comparing 
the two outputs, one can determine B of the unknown sample. 
Fig. 6 shows a block diagram of the equipment used with this technique. The drive 
system generates the series of tone bursts that are applied to the sample being measured. The 
reference sample, "R" is energized and the CD output is measured with stabilized amplifiers 
and oscilloscope in the usual manner. The unknown sample is then measured with the same 
system. Plots of A2 vs. Al for Rand U are each fitted with a polynomial of degree 2. Consider 
the situation where the measurement system as outlined above is energized. We define ryas 
r=..:2 v 2 (7) 
VI 
where v2 and VI are the second harmonic and fundamental voltage amplitude output of the 
band-pass amplifiers respectively. rv therefore is the coefficient of the second degree term 
obtained from the quadratic fit of v 2 to v I. 
For a capacitive detector the relationship of ry to r is given by 
(8) 
where GI and G2 are the gains of the 5 MHz and 10 MHz amplifiers respectively, So is the CD 
gap spacing, and Vb is the DC bias voltage. If we keep Vb' G I ' G2, and So fixed, then 
(9) 
where the subscripts U and R denote values for samples U and R. Data on sample length, 
fundamental frequency, and compressional wave speed in samples U and R permit the 
calculation of MLU and MLR respectively. 
To illustrate the Reference Based Measurement Technique (RBMT) we used Inconel 
100 as the reference sample. The B for InconellOO was previously determined by using the 
Linearity and Offset Adjustment Technique (LOAT). We used the RBMT to measure B of a 
fatigued sample of Aluminum 2024-T4. This sample had been subjected to 1000 cycles of 
fatigue at 40KSI having a constant amplitude stress ratio (R value) of zero. The results are 
shown in Table 1, which gives the ry and ML for the reference sample and the Aluminum 2024 
fatigued sample. For comparison we also measured B for the Aluminum sample with the 
LOAT. Fundamental amplitudes were kept low enough so as not to cause any dislocation 
unpinning at weak pinning sites in the aluminum sample [3]. A comparison is shown in Table 
2. The value of B for the fatigued aluminum sample includes a diffraction correction [9] to 
compensate for the differences in Seki Parameters of the reference sample and the aluminum 
sample. We find very good agreement of the value measured by the RBMT and the value 
calculated from the LOA T. 
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Table 1. Measurement results used in the Reference Based Measurement Technique. 
Material rv ~ 
Inconell00 
(Reference) 0.6127 1.0308x lO.s 
Aluminum 2024 Fatigued 
1.6104xlO"s (unknown) 0.5185 
Table 2. A comparison of the nonlinearity parameter of fatigued aluminum 2024 as measured 
by direct substitution and by Reference Based Measurement Technique. 
B measured by Direct B measured by Reference Percent difference 
Substitution Measurement 
8.077 8.188 1.4 
CONCLUSIONS 
Two measurement techniques to determine the nonlinearity parameter were presented 
and tested with capacitive detectors using a measurement system with stabilized and calibrated 
amplifiers. The first method discussed, the Linearity and Offset Adjustment Technique began 
with consideration of the of the acoustic fundamental and second harmonic signal amplitudes 
from measurements with amplifiers that were calibrated with a substitutional technique. By 
using results from a quadratic fit of the A2 vs. AI data, we determine offsets to the data, which 
when used to correct the amplitude values, resulted in more accurate values of B. The necessity 
of correction at low amplitudes was found to be especially important since the effects of noise 
on B are most prevalent at the lower amplitudes. 
A second measurement method, the Reference Based Measurement Technique was also 
presented. The results clearly shows that measurements of the nonlinearity parameter may be 
made without elaborate calibration procedures. In this technique a set of band-pass linear 
amplifiers is stabilized by a constant temperature environment and constant line voltage. The 
good agreement between the measurements using this technique and the LOAT strongly 
suggests the viability of the RBMT as an alternative method of measuring acoustic nonlinearity 
parameters in solids. 
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